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AERONAUTIC SYMBOLS

1. FUNDAMENTAL AND DERIVED UNITS

Metric English

Symbol

Unit Abbrevia- Unit Abbrevia-
tion tion

Length ------ I meter ------------------ m foot (or mile) --------- ft (or mi)
Time -------- t second ----------------- s second (or hour) ------- see (or hr)
Force -------- F weight of 1 kilogram ----- kg weight of 1 pound --- lb

Power ------- P horsepower (metric) ------------ horsepower ----------- hp

Speed--------v fkilometers per hour ------ kph miles per hour -------- mph
pmeters per second ------- mps feet per second -------- fps

2. GENERAL SYMBOLS

W Weight=mg P Kinematic viscosity
g Standard acceleration of gravity=9.80665 m/s2 p Density (mass per unit volume)

or 32.1740 ft/sec Standard density of dry air, 0.12497 kg-m 4-s2 at 150 C
MV and 760 mm; or 0.002378 lb-ft- 4 sec

m Mass=g Specific weight of "standard" air, 1.2255 kg/rtn or

I Moment of inertia=mk. (Indicate axis of 0.07651 lb/cu ft
radius of gyration k by proper subscript.)

A Coefficient of viscosity
3. AERODYNAMIC SYMBOLS

S Area il Angle of setting of wings (relative to thrust line)
S. Area of wing it Angle of stabilizer setting (relative to thrust
G Gap line)

b Span Q Resultant moment

c Chord Resultant angular velocity
* Aspect ratio, b R Reynclds number, p-V- where I is a linear dimen-

V True air speed sion (e.g., for an airfoil of 1.0 ft chord, 100 mph,
1 D r 2 standard pressure at 150 C, the corresponding

q Dynamic pressure, -1pV Reynolds number is 935,400; or for an airfoil
L Lift, absolute coefficient Q of 1.0 m chord, 100 mps, the corresponding

Reynolds number is 6,865,000)

Drag, absolute coefficient DAngle of attack
DS Angle of downwash

D) Po Angle of attack, infinite aspect ratio
Do Profile drag, absolute coefficient CD0--S 91 Angle of attack, induced
Di Induced drag, absolute coefficient 0 ,,- aa Angle of attack, absolute (measured from zero-

DC-- lift position)

D, Parasite dr-ag, absolute coefficient CD,=- Flight-path angle
qS

0 Cross-wind force, absolute coefficient CC=



REPORT No. 849

THE EFFECT OF WALL INTERFERENCE UPON THE

AERODYNAMIC CHARACTERISTICS OF AN

AIRFOIL SPANNING A CLOSED-THROAT

CIRCULAR WIND TUNNEL

By WALTER G. VINCENTI and- DONALD J. GRAHAM

Ames Aeronautical Laboratory
Moffett Field, Calif.

Accesion For

NTIS CRA&I
DTIC TAB
Uf annouvceo

J stification

By .... .......... ................ . .

Dist: ibution I

Availability Codes
Avail a-nd /or

Dist Special



National Advisory Committee for Aeronautics

Headquarters, 1500 New Hampshire Avenue NW, Washington 25, D. C.

Created by act of Congress approved March 3, 1915, for the supervision and direction of the scientific study
of the problenls of flight (U. S. Code, title 49, sec. 241). Its membership was increased to 15 by act approved
March 2, 1929. The members are appointed by the President, and serve as such witbhout compensation.

JEROME C. HUNSAKER, Sc. D., Cambridge, Mass., Chairman

THEODORE P. WRIGHT, Sc. D., Administrator of Civil Aero- ARTHUR W. RADFORD, Vice Admiral, United States Navy,
nautics, Department of Commerce, Vice Chairman. Deputy Chief of Naval Operations (Air), Navy Department.

Hon. WILLIAM A. M. BURDEN, Assistant Secretary of Commerce. ARTHUR E. RAYMOND, M. S., Vice President, Engineering,

VANNEVAR BUSH, Sc. D., Chairman, Joint Research and Develop- Douglas Aircraft Co.
ment Board. FRANCIS W. REICHELDERFER, Sc. D., Chief, United States

EDWARD U. CONDON, PH. D., Director, National Bureau of Weather Bureau.
Standards. LESIsE C. STEVENS, Rear Admiral, United States Navy, Bureau

II. AI. HAZEN, B. S., Chief Engineer, Allison Division, General of Aeronautics, Navy Department.
Motors Corp.

CARL SPAATZ, General, United States Army, Commanding
WILLIAM LITTLEWOOD, I. E., Vice President, Engineering, General, Army Air Forces, War Department.

American Airlines System.

EDWARD N. POWERS, Major General, i'ttited States Army, ALEXANDER WETMORE, Sc. D., Secretary, Smithsonian Institu-

Assistant Chief of Air Staff-4, Army Air Forces, War Depart- tion.

ment. ORVILLE WRIGHT, Sc. D., Dayton, Ohio.

GEORGE W. LEWIS, Sc. D., Dsrector of Aeronautical Research

JOHN F. VICTORY, LLM., Executive Secretary

HENRY J. E. REID, Sc. D., Engineer-in-charge, Langley Memorial Aeronautical Laboratory, Langley Field, Va.
SMITH J. DEFRANCE, B. S., Engineer-in-clarge, Ames Aeronautical Laboratory, Moffett Field, Calif.

EDWARD R. SHARP, LL. B., Manager, Aircraft Engine Research Laboratory, Cleveland Airport, Cleveland, Ohio

CARLTON iEMERu, B. S., Executive Engineer, Aircraft Engine Research Laboratory, Cleveland Airport, Cleveland, Ohio

TECHNICAL COMMITTEES

AERODYANMICS MATERIALS RESEARCH COORDINATION

POWER PLANT- FOR AIRCRAFT SELF-PROPELLED GUIDED MIssILES

AIRCRAFT CONSTRUCTION SURPLUS AIRCRAFT RESEARCH

OPERATING PROBLEMS INDUSTRY CONSULTING COMMITTEE

Coordination of Research Needs of Military and Civil Aviation

Preparation of Research Programs

Allocation of Problems

Prevention of I)uplication

Consideration of Inventions

LANGLEY IEMORIAL AERONAUTICAL. LABORATORY, AMES AERONAUTICAL LABORATORY,

Langley Field, Va. Moffett Field, Calif.

AIRCRAFT EN(INE RESEARCH LABORATORY, Cleveland Airport, Cleveland, Ohio

Conduct, nder onfied control, for tll agencies, of scientific research on the f ondatmental problems of flghl

OFFICE OF AERONAUTICAL INTE.IGI(ENCE, Washington, D. C.

Collection, clas, Nifiettioo , c(,tpilotion, asd dissemiot iant of sciesiiJic and teeh itcal informnatins on (teronautics

II



REPORT No. 849

THE EFFECT OF WALL INTERFERENCE UPON THE AERODYNAMIC CHARACTERISTICS OF AN
AIRFOIL SPANNING A CLOSED-THROAT CIRCULAR WIND TUNNEL

By WA!LTER G. VINCENTI and DONALD J. (RAHAM

SUMMARY parallel to the span has been discussed theoretically by sev-

7he r ults of a th eoretical and experimenttl it vctigation of eral writers. For example, Lock (reference 1), Glauert (ref-
wall inteteren c for an airfoil ,spajaeming a cloed-throat circlar erence 2), and Goldsteir (reference 3), give the necessary
wind tuntel are presented. Analytical equations are dert'ed tunnel-wall corrections foi an airfoil spanning a rectangular
which reate the characterstlcs of an aitfoil in the tunnel at tunnel in an incompressible fluid; while Goldstein and Young
sub6aic xpe(ds with the characteristics in free air. The (reference 4) show how these corrections, as we]l as those for
analysis takes into considerat n the effect of fluid coinpressi- any general case of interference in an incompressible fluid,
bility and is based upon the assumption that the chord of the can t)be modified to take account of fluid compressibility.
airfoil i small as co pared with the diameter of the tan4e[. Reference 5 gives the corrections for the compressible case
The derelopment is restricted to ant untvi?,ted, constant-chord in a closed-throat rectangular tunnel, as well as a critical
aitfoil spanning the iniddle o.f the tunnel. Brief theoretical liscussion of the results of the previous references and some
con~sideraton is also gi'cen to the problem of choking at high experimental data from low-speed tests. Fage (reference 6)
s])eeds. Results are then presented of tvst.s: to dltermine the loqv- also presents experimental drag data for several symmetrical
speed characterisdics of an AA(4 4,;12 airfoil for two chord- bodies of various sizes in a closed-throat rectangular tunnel.
diameter ratios. While, on the basis of these expe rimeats, no Experimental and theoretical results for an airfoil spanning
apprai'sal is possible of the accuracy of the corrections at high a completely open-throat rectangular tunnel are given by
spoeedti, the dlata indicate that at low lach l umbers thc analytical Stiper (references 7 ar d 8). '1 he case of rin airfoil spanniing
resVults are ralid, ecen, for relatirely larg, ral es of the clord- an open-throat circular tunnel has been the stubject of a
diameter ratio. number of investigations, including theoretical treatments

INTRODUCTION by Glauert (reference 9), Stuper (references 7 and 8), and

The design of modern high-prfoimance airphies requires, Squire (reference 10), find experimental measurements by
insofar as possi)le, an accurate e o ndge of ilrlfoil profie( Sttiper (references 7 and 8) and Adamson (reference 11).

dt R d aate knolr iedgeof aioil lioht. Apparently, the case of the closed-throat circular tunnel has
data at Reynolds and Maclinmbersattareceived no attention.
Since the size and power of winl tuimels are subject to var-

ous practical limitations, mnost, existing tunnels, ev if they Since this'last case is often encountered in practice, an in-

can provide the (lesired Maclh number, rile not capable of vestigation was made of the tunnel-wall interference at sub-

attaining full-scale Reynolds numbers for all flight conditionis. sone speeds for a wing spanning a closed-throat circular
tunnel. The present paper presents the results of this in-To minimize tis short cong rlin tunnel tests of air'foil

profiles, it, is therefore necessary to irse models having as vestigation. in the first part of the paper, analytical equa-
tions are derived relating the characteristics of the airfoildimgen o thedas torsltes ecativton thorer oeiinae in the tunnel with those in free air for a compressible fluid.thensincts of thrppoe usi rtst setio.l t o de r teidemi-e Some consideration is also given to the phenomenon of chok-the eff'eets of suppl-ting st, ruits and to exelude the indetermi-

nate tunnel-boun(larv interference involved in the testiiog ing which occurs at high speeds. In the second part, the
validity of the theoretical results is examined by the analysisof lar-ge-c'hol-d air-foils of limi1ted Splln, it tils 1become, conmmuio

p)ractice lin such tests to use nirfoils which c ompletely span of experimental data for an NACA 4412 airfoil for two ratios

the test section. Even for these so-called ''throigh'' of airfoil chord to tunnel diameter. The investigatio i is

models, however, the tinnel-bounlary interfeirence can still restricted to unitwisted constant-cliord airfoils spanning the

be considerable, and accurate correctioni must be made for iiddle of the tunnel.
its effects if the tunnel data are to be used with confidence THEORY

in the calculation of free-flight airplane characteristics. As in reference 5, the theoretical development of the
The tunnel-boundary interference for airfoils spanning tunnel-wall correctliois is divided conveniently into two gen-

wind tunnels of various types has been the subject of numer- era] sections. First, the influence of the wall upon tire field
ous theoretical and experimental investigations. The inter- of flow at the airfoil in the tunnel is determined. Second,
ference for rectangular tunnels having rigid walls normal to the aerodynaniic characteristics of the airfoil in this field of
the span of the airfoil and either rigid walls or free boundaries How are related to the corresponding quantities in free air.
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In this manner, simple formulas are finally obtained which (references 7, 8, 9, and 10). This method of analysis, how-
enable the prediction of the free-air characteristics when the ever, is inadequate if the chord of the airfoil is even moder-
characteristics in the tunnel are known. ately large as compared with the dimensions of the jet.

Again, as in reference 5, the analysis is based upon the The case of the airfoil spanning a closed-throat circular
method of superposition. To this end, it is assumed that the tunnel is more complex than either of the foregoing problems.
airfoil is of small thickness and camber, so that the induced Unlike the condition prevailing in the free jet, the lift in
velocity is everywhere small as compared with the velocity this case need not fall to zero at the boundary--that is, at
of the undisturbed stream. With this assumption, the total the tunnel wall-so that the spanwise variation in lift is

Inihced velocity at any point is the simple vector sul of the not necessarily large. In fact, as will be seen, the lift is
separate velocities induced at that point by the interference constant across the span of the airfoil, and no systet of
betweent the tinutnel wall and the airfoil calier, thicknless, tailing vortices exists. The assumption of a very samill
antd wake. Tius the effects of caniber, thiclness, and wake chord and the consequent reduction of the problen to a case
may each be analyzed separately and superposed to obtain of two-dimensional flow in aplane infinitely far downstream
the desired result for the complete airfoil. As pointed out is thus without meaning. On the otlMr hand,an analysis
in reference 5, this procedure is permissible even in the com- for airfoils of moderately large chord i the manner em-
pressible fluid if the airfoil is of small thickness and camber ployed in the case of the rectangular tunnel with rigid side
as assuntmed. walls is not possible. In the closed-throat circular tunnel

Before proceeding to the actual developinent of the theory, the flow in all planes normal to the span of the airfoil is not
It Is useful to contrast the present prollein with the problems the sane, so that the effect of the bound vortices, and of tljhe
of through airfoils in the various types of rectangular tunnels airfoil thickness and wake as well, cannot be treated as a
anid in the open-throat circular tunnel. In the ease of all problem in two-dimensional flow. Furthermore, the bound-
airfoil Slpaling a rectangular tunnel having rigid walls ary conditions at the tunnel wall cannot be satisfied for the
iorial to the span of the airfoil, the protblemi is relatively actual three-dimensional problem by any known system
sinple. If the effect of the boundary layer along the tunnel of images. The solution of the problem for the closed-throat
walls is neglected, the flow is sensibly the same in all planes circular tunnel thus requires an analysis entirely differtt
normal to the span; that is, there is clearly no spanwise from those employed in the previous instances.
variation in lift. The air flow is thus essentially two-dinten- INFLUENCE OF TUNNEL WALL UPON FIELD OF FLOW AT AIRFOIL
sional, and the hilterference problems of camber, thickness,
anid wake can be analyzed by the customary means of a An approach to the problem of the airfoil spanning a.
system of images with axes paralle to the span of the irfoil closed-throat circular tuinnel is afforded by the work of von

(references I, 2, 3, and 5). This is true wh'ther the tunnel Kti'mh and Burgers in referente 12 (pp. 266 to 273), where
boundaries parallel to the span are fixed o f'ee. ]l this the velocity potential at an arbitrary point in the tulnel is
manner, tunlel-boundary corrections (all be derived for determined for a U-shape vortex of infinitesimal span in all
airfoils of moderately large chord as compared with the incompr essible fluid.
]ieight of the tunnel test section.

In the case of an airfoil spaniig a com)letely free jet,
wliether rectangular r 'iicular ii se'tictl, thle lift tnecessarily
falls to zero at the boundary of the jet. tlhere thus exists
ill this case a pronounced spanwise variation in lift and ain
attendant system of trailing vortices. In the existing treat-
nlents of the problem, only the in terference hetween these
trailing vortices and the jet )oundaries is considered, th' l/ /
interference effects associated with the chordwise distrilb-
tion of bound vortices and witt the airfoil thickness and
wake being completely neglected. This procedure implies
tI' assumption that the chord of the airfoil is very small
relative to tie dimensions oh thIn jet. Ii this manner, the
problem is reduced to a limiting case of the usual probhmn
of tin airfoil partially spanning tlte jet, aiid, ats Ii this latter
case, the component of downwash induced at the airfoil by
the interference between the walls and the trailing vortices +
is one-half as great as the corresponding component an
infinite distance downstream. The theoretical determina-
tion of the wall interference may thus be treated as a prob- )
lem of two-dimensional flow il a )lane normal to the axis of
the tunnel infinitely far behind the airfoil. The bouiidarv
conditions for eitler the rectangular or circular jet are then
readily satisfied by the introtuction of a suitable system of
iniage vortices with axes parallel to t1 e axis of tite Iunnel F,,;,1 im 1. -EhIe,,iary U-shat-id vo,'lex in closed-Iluo:il lcircular 'jmmle.
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systen of rectangular coordinates x, y, z is introduce(d - 1  , lXJf,(XsV -  X

as shown in figure 1. The x-axis is taken on the center line I
2  X, X,,)

of the tunl with its positive direction downstream. The )

:-axis is positive (ownward, and the y-axis positive to the
left for an observer looking against the direetion of flow. Lm cos 0( sin (6--0 )
An alternative system of cylindrical coordinates r, w, 0 is
dehilied 1)y the relations X, sin 0 cos n(6--0o) J,(Xso) (5)

(1) As pointed out, this expression applies only at negative values
Sill of x. As will be seen later, the necessary results for positive

The j)ositive (lreetiol of circulation is defined so thata values of x can be derived from considerations of symmetry.

vortex with positive circulation exerts a force on the fluid II By means of equation (5), it is possible to evaluate the

the direction of the positive Z-axis. In other words, the lift wall interference associated with both airfoil camber and

force experienced by a positive vortex is in the negative z thickness for the case of the incompressible fluid. These

direction). The velocity of the fluid in the undisturbed results can then be modified for the effect of fluid con-

stream is denoted by V' and the radius of the tunnel by ,. pressibility by the methods of reference 4. It is found
Other symbols are defined as introduced in the text. A list finally that, for a closed-throat circular tunnel, tile effects of

of the more iml)ortant symbols and their definitions is given interference )etween the walls and the airfoil camber are

in Appendix C. identical with the corresponding interference effects for the
Consider iiow a U-shape vortex of infinitisimal spani (/ same airfoil spanning a closed-throat rectangular tinnel, the

parallel to the y-axis and situiated in the y-plae at the point height of which bears a known relation to the diameter of

- OS co0, f-co sin 0. If the strength of the vortex is the circular tumel. A sinilar conclusion is obtained regar(l-(lenloted lhy F' the seh)city potential in the c orsed tunnel at ing the effects of interference l)etween the walls and the air-
tde oints ., w. 6 is given l)y von Kina i an Burgers, for foil thickness, except for a numerical lifference in the
negative values of .r, as relation between the diameter of the given circular tunnel

and the height of the equivalent rectangular tunnel. The

I- d(2)(2interference effects associated with the wake of the airfoil
4rj .(2) are not analyzed in detail, but their magnitude can be

where 4 e estimated with reasonable accuracy by comparison with the

results for the thickness effect. In order to simplify the

4 Q J complex mathematics of the problem, the interference (fleets
'N co' are calculated only for the section of the airfoil at the center

-- x2 ,,(x)j line of tile tunnel. As will be seen latei, however, experI-
mental data indicate that the results are applicable at any

(8) spanwise station.

Camber effect.-To analyze the effect of the interference

(It should be noted that the quantity appearing in these between the tunnel walls aInd the airfoil camber, tile thickness

euiations is merely a variable of integration and has no physi- and wake of the airfoil are considered to be removed and the

cal significance.) The quantity J,,,(X) is a Bessel function airfoil reduced to its mean camber line. The resulting infini-

of the first kind of the order 7P. The summation with respect tesinally thin airfoil may then be replaced by a sheet of

to in extends over all the positive integers and includes (ontinuously distributed, bound vortices whieh, in the general

ni 0; the prime added to the summation sign indicates that three-dimensional (ase, consist of both spanlwise and chord-

a factor 2 must be inserted before the term corresponding to wise vortices. The velocity induced at my given point oii

t 0. The summation with respect to s for every rn the camber line is then obtained by integration over tile eiitire

extends over 'I positive roots of the equation vortex sheet. As in all thin-airfoil theory the distribution
of bound vorticity must be such that the resultant of this

J,, (XI) = 0 (4) induced velocity and the free-stream velocity is tangential
to the camber line at all points. As will be seen, however,

where J,'(X~r) is the derivative of the function J,.(N) ith the actual theoretical determination of tile distribution of

respect to its argunent. The notation used throughout this vorticity is not necessary in this case.

paper for the Bessel functions is that of Watson (reference in calculating the velocity field of the vortex system, it is

13), which is the same as that of the Smithsonian tables assumed that the bound vorticity is distributed in the mid(lle

(reference 14). plane of tile tunnel-that is, in the xy-plane -rather tham

By differentiating Q2 with respect to - and then integrating along the camber line and that the induced velocity at any

with respect to , as indicated in equation (2), the velocity point on the camber line is the same as the induced velocity

potential becomes finally at the corresponding )oint in the xy-plane. From equation
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(5), the velocitv p)01e-ntial at anv poiut r, w, 6 for- a vortex is thie small values of xi wich are of primary importance,
element 01l tile !y-axis at IIIe piol il t. ? (0 (-u, wo - i 1S equation (11I) canniot he applied dlirectly in the present case.

It is p~ossilble, bowever, l)V, imeaiiS of a methodl demonstrated
1'd 2) j (Xi SiW) Ji ( (X rn(si) (6) by Watson (reference 15), to express the Series of tis eqlna-

wI m= ,I (- 92 X 2 j(" ) tion as a combination of elementary functions and a Series
Xsr- of ascending p~owers of d7 anl 77. The resulting Series is

The term for m -0 (disappears by virtue of the factor it readily applicable to thle p~resent, problem.
the numerator Of tbe general te'in. TFle vertical Inchlce1 The detailed proceduore for the transformation of the series
velocity r'iiteiiolrsilefudsthnof equlationl (11I) is given in Appendix A. By application

- of the final result, equiationi (I I) may he wvritteni.

-z _C0 00 ,~ + 00d owxJx) ' 2) [122 if 2

27 ~ J( 5 ') 1 (,c 2 W/) 2-77 2,7 N-, 2-+-X

F1or points in thle i17-planle (06- 0, W -! C -_ 0 and 60- __ '/t2( kx~~il7 I 12

Thus, at lpoint s in tble xiy-plin, ZkU(k+U!(2p+ l_)!21<r 2 kP±)

1'1(77 j 2 .I (XY) (X17)Thie (double summation extends over all int egral values of k
-,- 1,12 2ne~j,,~ aJ,)  11 and 1) from zero to positive ifinity. Thle numerical coefhi-

wi 77n- Y- X 8 2r J2
) X Cieit A' 2(4±P±1 )_/.'2f IS given by thle integral

ile comaplicate o ule Series in tis equation c'an b~e A~ 2f- 1 (fI)j [I -t) (1]2
reduced to a single series and( the miathemnatics of the problem
gi'eatlv Simplified by limitinig the discussion to the chord- HeeJ 1 t i odified Bessel function of the first kind of
wise Section of the airfoil at the Center- line of the tunnuel Order unity, and 1,(t) denotes the derivative of 1,(t) with
(y-O0, zr7z=z0). From the known relations for Bessel functions" respect to its argument. The nulmerical values Of 1.12f for
(cf. referen ce 13), for 0C J- 1, 2, 3, 4, are evaluated by means of a series expansion.

in Appendix A.
J(y)1/2 It is readily shown that the first term on the right-hand

N sidle of equation (12) agrees with the inducedl velocity conl-

,JAX~ii)put ed for x=0 by the miore elementary theory of tunnel-wall
0 orIa interference which considlers only tile effects of the trailing

vortices and their images. To this en(1, consider the twvo-
Thus, at points onl the x-axis, (dimensional flow inl a plane nlormal to the axis of the tunnel

r'd 2 ) anl iiifinite (distance dlownstreamn (fig. 2). The theory states
2wr 2~ ' (1~~1(x 1J)(8) that the induced velocity at a given point, (,z in this plane is

27 ( Xt I X22) X5Jl 2,X',) t wice as great as the iil] lllcedl velocity at the corresponding point
SIin the plane x-0 (cf. refereince 12, p. 260). In the plane

where the summation withi respect to s extends over all tile x--- the trailing vortices of the U-shape vortex previously
positive roots of the equation considlered constitute a vortex pair having an infinitesimal

spacing c177 and situated at, the point 7/-2), _-). The circil-
Ji' (IXg') 0 o () lotion of each vortex of the pair is I"' and is directed as shown

F'rom Besset's diffei'entiat equationl

S 2?1) (10

wvhere the double prime (denotes the second derivative of the r d777

Bessel function with respect to its argument. Equation (8)72
cani thus be written

As mentioned, this eq uation1 is valid oinly for inegatlive valuies
of J%

It is apparent that the series in equation (I1I) is rapidly
convergen t for large negative values of xv, but that the (on-
vergence, Is slow for small negative values. Since il. the z
evaluation of the velocity indluced by the vortex shieet it hf- TRE 2. Secjt tioli oghS tun1 i lt illfi tY (loxls noJIll
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in figure 2. The boundary condition that there shall be no -/
flow normal to the wall of the tunnel can be satisfied by the
jit rodrrction at the point z=O, y=r2/? of an iimage vortex
pair witir a spig acir 1/2 and with the circulation of the
vortices directed as indicated. The vertical velocity indirced
at the tunnel center by tire trailing vortex pair is /

/ '

11rm! t ire veilt icarl v~elocity Irrdrr ced atIII ,, I Ia lI 1oi ourt I)Y t Ir
inrage vortex pair is//d Vz,

)2 F'd(,q
2 r ) 27r,.2

2~ 7x

The total vertical velocity at the center of the turrirel at
x= - is then the sum of these two velocities; that is,

r" ' ( m 1 2 r2 
7

2  (1 4 ) 7.

The vertical velocity at the center of the t uiicl at, x- (0 is
one-half of this value, or

11',d (r2 - _
q (2) ( 5) 1.. ii 3. -I,fnitesi1allIV thin airfoil spanning closed-throat circular tunnel.

Tihe vortex sheet which represents the entire airfoil can
This value agrees with the result of equation (12) for the now be built up by the superposition of U-shape vortices in
special case x=O. Thus, the first term on the right-hand the xy-plane, and the total induced velocity found by inte-
side of equation (12) represents the vertical induced velocity gration of equation (12) over the entire system. The leading
on the center line of the tunnel at a=O and is attributable edge of the airfoil is placed on the y-axis as shown in figure 3;
entirely to the trailing vortices and to the interference the trailing edge then lies at x-c, where c is the chord of the
between these vortices and the tunnel walls. The remaining airfoil. The circulation of an elementary vortex having an
terms represent the variation in induced velocity due to a infinitesimal span d and situated at the point X=, Y=tj is

displacement a distance x upstream from the origin. These taken to be (dP'/dZ)d}, where (dF'!d4) is the vorticity per
terms arise both from a change in the effect of the trailing unit length of the chiordwise section at the station y1r.
vortices and their wall interference and from the now-active The vertical velocity induced at the chordwise station x on
effect of the transverse bound vortex and its interference the center line of the tunnel by a single elementary vortex is
with the tunnel walls, given by equation (12) if x and F' are replaced by (x-)

Although equation (12) was deduced for negative values and (dF'/d[)d$, respectively. The total vertical velocity
of x, it can be shown that it is applicable to positive values induced by the complete airfoil is then given by the double
of x as well. According to von Kfrmfn and Burgers (ref- integral
erence 12, p. 267), the vertical induced velocity at -x is

I Ic -r) ,2+l"\ FJ a-related to the corresponding velocity at +x by the equation ," ' =47r' ru ,. 2 q - (X
4-rX) r/()-?,(4X) 'J (A-+ L 0 2,+

By virtte of this relation, together with tile fact that Z , (  
1 0u, 1 21 .(x--CPIr) -- d (17)k = , k!(]k+ 1 )! (2p) + 1 )! 12k2kvl_

' v/'( ), it follows that Tire integration of equation (17) requires a knowledge of
(dF'/dl) as a function of 7 and Z. Theoretically, (dF'/df)

cj( c) - 2'J(0) - -[c (- x)- ))] (16) could be determined from the requirement that the induced

vertical velocity at every point on the camber line must
That is, the difference between the induced velocity at a be such that the resultant of this velocity and the free-

givei station x and the induced velocity at x=O must 1)e streani velocity is tangential to the camber line. This

rut odd function of x'. The terms containing x in equation method of procedure leads, however, to a complicated double

(12), which were derived to represent this difference for integral equation, the solution of which does not appear

negative values of the variable, are seen to constitute pre- feasible. Some assumption concerning the distribution of

cisely such a function. Thus the expansion of equation (12) vorticity must therefore be made if the problem is to be

is valid for positive as well as negative values of x. solved.
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To aid in the choice of a suitable assunption, experimenls ] tribution of bound vorticity is not, a function of the spanwise
were carried out to determine the pressure distri bution, bot h position onl the airfoil; that, is. (dF'd.c) is independent of r7.
chordwise and spanwise, over an airfoil spanning a closed- On tile lasis of this assumption, equation (17) may be
throat circular tunnel. 'Ih, airfoil used in the experiments, written
vhui are descrited in detail later in the report, had ait 1 r 

2 + ,72 r_ _ _

NACA 4412 section and was untwisted and of constant chord. '7 < 2 ,2,/J- )2

The results of these experiennts reveal that for such an L

arrangement the lift is sensibly uniform across the span for 2 k (- I)bi'2(-+-+7( 2(--+ - dd (!8)
angles of attack below the stall. This fact is illustrated in 1 -!(,=0 A!(+ 1)! (2p-- 1)!2 2kr2 (k'pI1)J

figures 6 and 7, which show the experimental spanwise ail the integration carried Out with respect to 7. The first
lift distribution for the airfoil at various angles of attack i two terms of the integrand, however, become infinite at the
wind tinnels affording chord-diameter ratios of 0.357 and point n=0. Tile ingularities, which are diie to the effects
0.625. These results were at first regarded as rather sir- of the vortices trailillg from t(he vortex elements on the
prisiiig. Later, however, it was realized that they are only *-axis, re<uire that specil care be taken in the integration.
what might logicallv be expected from general considerations Thte evaluationl of the integral must, be carried out from .- r
of lie conditions of flow in a closed-thiroat tunnel. A to - and from + to -r, and to the resulting function
demonstration of this fact is given in Appenlix B, in which must be added the effects of the trailing vortex pairs of spal
it is shown that the lift distribution is uniform across an 2c which straldle the x-axis. The limit, of this stim must
untwisted, constant-chord airfoil spanning any closed-throat then be taken as Etends to zero. Thle vertical veloeity
wind tunnel, irrespective of the cross-sectional shape of the indliced at the point x on the x-axis by the vortices trailing
tunnel. Detailed examination of the pressure distributions from a vortex element, of span 2E symmetrically placed at
from whuich tie results of figures 6 and[ 7 were obtained
reveal further that at a given angle of at tack the ehordwise (,y--0.is
pressur'e dist'rihuitioi is sensibly tlie same for all spamuwise C ' d4 [+
stations on the airfoil; that is, the lift per unit. c1ord tit any L++
given chordwise station is constant across the span. It is Since tile tirst two terms of equation (18) contaiin only
to be expected that this result, though obtained for a par- second-order powers of ?1, the intiegrals from - r to - E and
ticular airfoil, will be equally true for any ordinary camber- from +E to +r will be equal. The integral of these two
line shape. Thus it is reasonable to assume that the dis- terms with respect to -q thus becomes finally

f+, 2 + 12,, -4r [2 + 7 2 , , .

)'77 2_. L- 2 712 r-1 (1)7d + 11 Nc-Y x -j -

.. ./, I + (x

X-~ I' (x'- 0 .1 E _ R __ )~(i>

The integration with respect to 7 of the double series ;in lent to assuning that, powers of the chord-diameter ratio
equation (18) presents no difficulty. The expression for (c/d) higher than tihe second may be neglected in the final
r/ thus becomes after integration equations for the tunnel-wall corrections. The approxi-

mation is accomplished by expanding the first term of the

[ 2 /4 + y initegrand in asceiiding powers of (x- )/r andl discarding all
vj ~ I(~ I~ Xterms conitaininig powvers higher than the first and by retain-4

r  (0 'd j ing only the p=O terns of the double series. This gives for
I tIe iduiced velocity

0 ~ l ) A ' 2 ( A P )x 2 4 1 (I ( )
#,1(l-l1)!(2p-] )!(2k) )2

P
--

i /t (19)4I:+ r>= 12

For constant spanwise circulation, tie trailing vortices
finally disappear in the integration with respect to q. The_ F1
integrand of equation (19) thus represents the ineretne,,t of k ) ±k 2i

vertical velocity induced by an elementary vortex of constant L! (2 1)2

circulation completely spanning the tunnel.
It will now be assumed that tile chord of the airfoil is which may be written

small enough as eolpared with the dimensions of the wind
tunnel that powers of (x- )/r greater than the first may be P + Y-/2(k+l)

neglected l in tie integrand of equation (19). This is equ iv'- 1 f (42 ) . re/(uF1z1)2. d
]
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B~ strbst iti rilig the linimlerical vaolicis for the ('oefhecienlts Thickness effect. TFhe iteiferenee effects associa ted wvithI
P k 1)i 6i'0111 equtionims (A20) of Ap~pendlix A, this equ at ion I allfoil thickness ean be Ion 0(1 by ied neiligt tOe givenl airfoil
Ilar bei writ ten to aill accurIacy ol thireeI signiificanlt figulres as to its tiase, profile and analyzig the jut erfereriee bietweeni th e

1 0.51 tunel wall aild ihis profile, The b~ase profile is (lefiliel ws
.- I 2) hepoflete -ifoil wor 11( have if the eaiber we .i' remloo Ie

7r a- 2d 2) tnd the resniting airfoil placed at zero angle of attack. If it
'I'l(, oregingres lwich wa dei((I by\ assulilig. tihe sssumedl tilat nowake is pre-(seit, the inIterferencee Iletweeil

fi nid to be ilompfressible, can he mlodifiedl for the effect of the tunnel wall and this symmetrical airfoil (-in be fonmnd l)v
c'omp)ressiht by th mebl of Ajhsti and ou . applying the results of equaltionl (5) to Loek's miethodI of'

Th'le mnodificat ion is most, readily performed by means of' the an~alvsis of the inlterfe(rence on a symnmetrical hodyv inl two-
So-called 1\ letbiod 11'' (reference 4, pp. 5-6), whih c(ompar01es, dIimiensionlal incompressible flow. (Lock's original anal ' sis
the Coi)ress ihle a00(1 incomlpressible flows for equal values of appears in reference I1; anl alternative explanation of the
iriculat ion. If the Al ach number of the 'omp~ressible flow method is gi by (ilatiert, iii reference 2, pp. 52-57.)

at the position of the aitifoil is dlenotedl by 1!, it is re(ll ilY~ Lock's method of anlalysis, whTi 'ch assum-es that the (chord

shownt omi the basis of this methlod that for a gi1vell (list ribli- of the airfoil is sinall as comparedl with the dIirinensins of thle
io fvriiyth etclvlciyi~tc~ iia(onre- tunnel, consists essentially in replacing tile given symmetrical

-ilble fluid at anyv poinlt 011 the ceniter line of a1 tnnnel of raditus aiflbyneqilntwod esoalste-ik(lnlt
1, is2 111c -f ie h orreslpoldiing velocity ait the. same, and caictiat ing the iiiterferenlce between this (doubllet and(
jpoilit ill anl incompressibeftiliiatnilof1lliS the tunliel boundarlies. TJhie strength of the (dotublet inl ally

r -1,1,12. Trhts, from equtationl (20), the vertical vTelocity givenl case is proportioned so that it iItices at a 'onlsiderable
"7in a compJressib~le fluid in tile actual tunnlel of radills r is distance from itself in free air- a velocity equal to thle velocity'

'I 2 ,4' indouced at thle slime point by the originlal airfoil. Inl thli
- \ ~ ("' I' ~ '0.579 ( -o todm sia dcs, the initerference flow at, the p)ositionl

2
i- J" \~d~/ LX- ~r2 (1-Al 2 ) of the a]irfil is then raiyfudb lrl ci niiiiI

Trhe fir1st term of this eqtuation represents the vertical velocity el5o mgso ie lllltsil st stsytecrvi n
Qui wol beidcd1vavre hc ffifnosa l l that tilre shall be 110 flow normal to tile tnnuel bouilaries

ilinited fluid field. The second term thus represenlts the and calculating the velocity inlduced ait the airfoil by this

interference effect of the tUTAiC wvall, system of imiages. For an aifipnIgaclsdtrt

Eqirat ion (21) may be compared wxithi the correspololirig rectangular tiniel at mid-height, the net result, of the wall
resut iom eferncea, hic disusss tle all tefernce iterfereilce for- the inicompressible case is to icrease the

aeul aro ree'tc 5,wihdsusstewllntreele efcie xa eoiya ositioni of the airif oil by tlie
ao ll :irfoil inl chelsedl-throat two-dimnerisiorilow vwiriol oftci'cail'(o(i tt

Ii nuel. After alt erationl to conform with tilie niotationi oral llilOluit

signi ('omivitiors of thle plresent paper, eqtiotiorl (41) of refer- h
e'i('e 5gives for the vertical velocity a~t tire camber Iili(' of aii
iiiliinitesinially tlniii airfoil Iniomitedl onl the center ine of ,i where Y is tile strenigth of the doulet(' use( to represenit thn'
two-diileiisionlal-flow t nn ie of heighit h

a jfoil. It is shown llreferences 4 a nd 5 thaiot tihe (ffleet (I
~~~~~~r IA j"/l' [(fI -il 'lpressiliility is 10 increase thIis i (rfei(''ve'locit y

27rJ, Y }Lx- 6h2 (l 1 J,[2) (X j d (22) by the factor I'/[I - (AI'1) 2
]3'

2 , wh ere 111' is the Ala(l iliber
of thle ni(listtrl)(c str(eam in) tilie tnnnel1. Th u1S, ill the' COni-

Sonipa risoni of equationis (21) anid (22) shows tia t (Ali ilifin il- rsbeca
('sunially thini airfoil spa liing a closed-throat, circular till li(l prsihl 'iA'

oif raodits , exIperieri('(s at, its Iiidspatl se('t iot t he same r itr c 1)' ldLI(12]:3/2 (24)
ferenice ais would be experi('rice(l by tie saine airfoil ill a closed1-
Ii 'ont t wo-d iinerisiorial-Ilow tutrunel of lieigh t i' proble oci f th s11' svineti'icalaifl lacosItha,

c'ir'cular tiliil ('ail also be solved by replacing- the airfoil by
6/ 0579 al1li),o equ trialent (10ubl et Spanning the tunnel. Ili t his ('rse,

thoughi, the in teori eiiec'( for thle dloubflet ('0 nmot be fonnld Iy
or, iii te(1111 of thle t Ni riel d ianieter' the method of' images. If thie (doublet, uise'd is ('011pose'iI

h, = 0.84:3d (2:8) however, of two vortices in a plalle' normal to tile si earni nl-
stead of the customary source andl sink int hie wvith thle,

TPhis result, makes tire later deternitiiatiori of the iterlererice st i(an, tile interference velocity can be c'alcutlatedI fy manis
corecion fr t('('ienar ruinl erysiple 5rlc te ('01' of equiationl (5). Sirlce the velocity fields of the twoi typ~es

reCtimns for tlle rectangular t Unnel are (ilr'eadl knownl. of doublets are iderltical, the iit('rferen('(' calculated by means
It is r'eadlily shown by means of eqnation (G) thiot the vort ex of the vortex doublet is the sam1e1 as that whlichl wouhII be

syst ('11 which represents thle, ifiitesiniolly thin oairfoil inl- ob~tained if tlle sotmlce-slirk doulet were used.
(beies 110 axial velocity at alily poinit inl the xij-plaile. It Consider a vortex element of ('ir'('(lat iorl F' arid spa ii d
follows that air'foil cambe'r hasi no effect uponi thei( axiail ye- at, the point wo, 0, inl the !/z-pharle (fig. 1). From equtroi (5),
locity 01' prlessurte graldiet at the( p~ositionl of thie miode(l. tll(' St 1'(ainlis(' velocity t',' indlCll(ed at ally pliit .f, W, 0 upj-

793221 19 2
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Strearn from the origin by this element aind its accompanying The expression (2Fuo sin 0,) which appears in this equation
tiiling vortices is is tihe product of the vortex strength and the distalice between

60 r _____ ['(A7  ( 
1qX the vortices.

Ox .. .. ,2 - x Now let the distanec between the vortices teid to zero
1. I . o ( -- X.2) Jj (Xr) while the vortex strength increases in such at way that the

iproduct (2U'woo sin 0o) retains a constant value u. The

Scos 0, sin (0-0.) J( TX,o) ± result in the limit is an elementary vortex doublet of strength
L% M cos 0(, sll m(0- + uand span (In at the point wo=rl on the y-axis. The

, .- st realnwise velocity indueed oil the center line of the tuninel
.Sillnp 105 csm(0- 0, ) ....' (X)_ (25) ~by this elementary spanwise double1 and the acconipanvinig

trailing vortex doubhlets is then
At a point in the niddle plane of the tunnel (;xy-plane),

0 0, W /, lid tlhe velocity is A' - 2jr ,'' (X,r)

___F'a% * (,rJ/X,
'... XJ, ,-) As before, tlhe infinite series in this equation is ra pidlyII

2 
"M 2.)

- . convergent for large negative values of X, but the coiivergei( e

is slow for small negative values and is nonexistent when
UM (OS 0io +Ss M6inO X , cos TOJ,, (Xoo)] r= 0. Once again, however, the series can be expressed as

a combination of (elementary functioiIs and a power series
(26) which is readily applied to the problem at, hand. The

(letails of the transformation are given in Appendlix A.
As before, the double series in this equation reduces to m t (

single series if the discussion is limited to the interference at
the center line of the tunnel. For points on the center line, __ (in V - ,2 ( )Pp2 k+p,) l2

22  1
1.2 -?n-- -- /2  2,41,.1. + i 2 i 1

Ai (X,)=J,(0) = I (34)

J,. (X!) = J.(0)= 0 for m >= 1 where the double summation extends over all integral values

and the streamwise induced velocity becomes of k and ) from zero to infinity. The coefficient /L,(k:,,+

g2 is given by the integral
, 1, (1d77 ,ex  sin I ,' , (co0) I t"f:dt

S- .. = o ( r) (27) 2(2f--!)ir . i 2(t)

From the known relations for the Bessel functions The numerical values of this integral for FJ 1, 2, 3, 4 are
evaluated ill Appendix A.

J' (XCo,,)-- -1J (x.IW,) (28) The induced velocity for a doublet spanning the tunnel is
so that eq ulat ion (97) inlav He wnow readily found by taking the doublet strength a consttant

S  wracross the span and integrating equation (34) with respe(t
1"d17 e

x
" sill 0 J (X'Co) to r fromn -r to +r. This gives finally

2 -, si J,, X'.r ) (29)
I ]4Xr ) ) [ ' 3  (-1)"g2("! p -1)'"

As required by equation (4), the summation with respect to 27ri - k~o Jc+1)!(21)

. in this (quation extends over all positive roots of thie

equation In the integration across the tunnel, all the Viling vortices,
J, (xr) -J (Xr) ) (80) of course, disappear.

It is apparent from the symmetry of the problem, that the
As tl next step, consider a pair of symmetrically placed streamwise velocity indued by a doublet spanning the til-

Aeincntirv vortices compose(d of a vortex of circulation -F' nel must be ani even function of the variable x. Equttion
at the point coo, 0 aid a vortex of circulation +" at the (36), which was derived for negative values of x, is seen to be
point wo, 0: From e(quation (29), the streamwise velocity such a function and is thus applicable to positive values of
induced at a point oil the (enter line of the tunnel by this the variable as well.
vortex pai aind the ac(ompanying trailing vortices is Time values of v/ for vanishingly small values of ,', that is,

at time position of the (doublet, is then found from equalion

- 7,,2 s OJ(1) (;6) by expanding the first term in ascending powers of r/r
J=(x~r) and discarding mill terms contaniling second powers aInd

which may ilso be written higher and by retaining only tile p=0 terms of the double
series. This gives.

2 --2 - s"iwo (0, (Xsr )J (x)w) ,
2 r 2. /-1) 1 (87)

2ur2WOJ~Xr (32) 2rr2 [F-12- k!=o 0(k-I+ I )-! (2k I.t )27)
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After substitution of the numerical values for the coefficients Wake effect.-It is shown in general terms in reference 5

12(k+) from equations (A33) of Appendix A, this equation that the interference between the wake of a body and the

tbecomes to an accuracy of three significant figures walls of a closed-throat wind tunnel gives rise at the position

I .:356, of the body to a velocity increment and a streamwise pres-
, ±.5 (38) sure gradient which are not present in free air. This is true2irx2 - 2irr2

for any type of body and any shape of tunnel test section.
The first term of equation (38) is the velocity induced by a The magnitude of this velocity increment and pressure

doublet of infinite span ini a field of unlimited extent. The gradient in the case of an airfoil spanning a closed-throat
remaining term therefore represents the (efect of interference rectangular tunnel can be determined approximately by

between the doublet and the tunnel wall. Thus the net replacing the wake by the flow from a suitable fluid source

result of th(, interference between the airfoil thickness and and the tunnel walls by an infin ite system of image sources.

the tunnel wall for the incompressible fluid is to increase the In the case of the airfoil spanning a closed-throat circular

effective strvam velocity at, the position of the airfoil by the tunnel, this treatment is no longer possible, since no system

anlmil t of image sources is known which will satisfy the hour dary
A 1 6 (39) conditions at the tunn)el wall. A nore complex mrethod of

1 .2 analysis could conceivably be devised for this case; however,

In allv particular case, g is again equal to the strength of the since the calculation is highly approximate even ini the ease

doul)let used to rellresent the given airfoil, of two-dimensional flow, such an analysis does not appeal
The result, of equaion (:39) can be modified for the effect warranted. For present purposes it is probably sufficient to

of fluid compressibility by the method of reference 4. In assume that the midspan section of the airfoil in the circular

this ('ase, the modification is most cionveniently performed tunnel experiences the same velocity increment ar)d pressure

by means of Method I (reference 4, pp. 3-5) which compares gradient as a result of the wake interference as does the same

the compressible and in<lompressible flows for a given alirfoil airfoil in a rectangular tunmel of a height defined by equa-

of unalteted shape and size. By this method, it is readily tiod (41). This assumption leads to the simplest expression

shown that the streamwise velocity induced in the ineo- for the final correction to the measured drag coefficient and

l)ressil)Je fluid at any point on the center line of a tunnel of should give results which are reasonably accurate. If it is

radius I is I/i- (Al') 2 times the corresponding vefocit;' at assumed that the center of the wake lies in a horizontal plane

the sane point il al incompressible fluid in a tunnel of radius containing the diameter of the tunnel, it follows from con-
11,/I - (,,'I)2. Here I'F is, as before, the Mach number i, the siderations of symmetry that the wake interference does not

bTefret icontribute to the vertical induced velocity v/ at the airfoil.
lli(listurl)edl stream. The increment ill axial velocity in the Ithsardybe inctdtathenefrnea-
comipessible ease is thus I *t has already been indicated that tihe interference as-

sociated with the camber of the airfoil has no effect upon the

1.356A stream velocity at the model. The total increase in velocity

2 _2[1 I (j,1)2 1]32  (40) for the complete airfoil in the circular tunnel is thus given by
the sum of the increments caused by the thickness and the

(omp'-rison of equations (24) and (40) shows that, if no wake of the airfoil. In reference 5 it is shown that for the

wake is pr-esent, a synmietrical airfoil spanning a closed- analagous case of the airfoil in the rectangular tunnel, the
throat circular truinel of radius r experiences at its midspan true velocity V at the position of the airfoil may finally l)e
section the same Increase il axial velocity as would le ex- written

perienc(ed by the same airfoil in a, closed-throat two-dimen- I +0.4(M') 2

sional-flow tinnel of height V=V'. 1+ MI) ]3/2  + 2 (42)
7r

2= 356) r 1 .558r where a and r are factors (ependejit upon the size of the air-

foil relative to the tunnel, A is a factor dependent upon the

or, in tlrms of tile tunnel diantci'., shape of the base profile, and c,' is the drag coefficient of the

airfoil as measured in the tunnel. The first correction term
h2- 0.779d (41) in this equation represents the velocity increment caused by

the airfoil thickniess and is found by substituting the( pr-oper
The foregoing result greatly simplifies the determination of
tthe at value for the equivalent doublet strength in equation (24).

The second correction term represents the velocity increment
circular tunnel, since thite( ncessary equations for the r,.- itanula tumelarealvatl knwnassoc'iated with the wvake of the( airfoil.
taiglar tunnel ar'e already known. 'iThe factors a and r in equation (42) are defined by

Consider'ation of the symmetry of the system formed by a

lase profile spanning the middle of a ('icular tunnel indicates ,)/ 243

that the intereference between the wall and tit( airfoil ti(t'- 48 ) (43)

ness does not influence the ventical induced( velocity i',' at
any point on the airfoil. Similarly, the airfoil thickness has a l

no effect upon the streamwise pressure gradient in the tunnel ( (c' 44)
at the position of the airfoil. r Kc\/
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where (c/h) is the ratio of the airfoil chord to the tirniel section Ii the tunnel. It is siniJply necessary to apply the
height. An analytic expression for A IS given in euion (... ) resuits Of the preceding sections to the relations already
of reference .5. Values of A for a number of base profiles are (lerived in reference 5 for the airfoil spanning a rectangular
gveni inl tab~le 1, wich is reprodlnCed from. this reeene tunnel.
if it is assumed that the height of the equivalent rectan- Briefly, the method of reference 5 relates the section char-

guilar tunnlel with regard to the wake interference is the samec acteristics Ii the tunnel at an undisturbed stream, velocit c
a s that given by equation (41) for the thickness interference, V' to the characteristics in an unconfined stream.lain
the( truec velocity in the circular tunnel is found simply by velocity equal to the true velocity V which exists at the

sns tiigh rmequation (41) for It in the factors o- aidil position of the airfoil inl the tunnel. The. relation is of)-
01 (qation (42). The trine velocity at the mnidspalu sect ion tamned onl the basis of equal values of the so-called cotangent
of anl air-foil spanining a circular tnnnel Is thuis comIponent, Of lift In the tunnel and] in free air-, this beiivr,

1 1+.4 (11)2necessary to assure that the essential character of the pies-

V- 1+3/ ("f22 '-C11 (45) sure distribution over the airfoil is the same in both cases.
(.,I' ) TZBy this procedure corrections are derived which mnay b~e ap-

where in' factors,5 T2 aliil 0-2 11a ic letinid 1) plied to sinita neously ineasuiredl lift, moment, and dIrag (o-
efileeits and angle of attack in the tunnel to obtain the cor-

/ c\ responding quantities inl free ai. These corretions appear
r2 - 0.:121 d i (46) as functions of the factors A and a, of the product, 7TC,, and

al~ of the NMach wnmber Ml' of the (undisturb-Ied stream. The

9__ C) (7 correctin to the anigle of attack, which arises out of the
a-~ 8 '~ d)() interference effects associated with camber, is pr-oport ion ial

to - andl iud~epelidont of A and i-cd'. The correction eqila-
Ak cortrection to the( Stream veloc.ityv imaplies ('0 rct iOlis ,Also tions for the lift and iomen t coefficients contain correspond-

to thet st reamt dynamic pressure, Reynolds1 itindwih)( and( in~g terms proportional to o- alone, together with terms whuih
Macli number. These corrections for an alirfoil sping~~iii ai dpn pntetikesa~ h aeefcsadaepo

retnuaI unlhv endtrie i ~'(1'ii portional to the products Ao- and i-Cd'. The correction to the
the b~asis of the assumption that the flow is adhiabatic- (rag. coefficient appears a-s two terms, proportional to A-
'I't(, corresponding corrections for- the circular tunnel cani and i-Cd', respectively. The term proportional to A- is In
Le foidn bY replacing the factors T- and a Ii equtat ioii5 (29), this case composed basically of two parts, one due to the
(32), and (33) of reference 5 by the factors T-,2 andl a-Z of the( thickness effect, andi one (luie to the wake effect.
Piresent Paper. The true dynainic, pressurie q, Re 'IOllS The correct ion equlationls for the airfoil spanning a (ir-clilar
numllber 1?, and Mach nmlber -If at the in idspan sect ion ill I nun ci call be ((icrived (ldirec tly by mlod1ifyinig thle equaltions ol
the (ircniia r tnnel are thuis relat ed to thill rsoidii reference 5 in accordance with the results of the preceding10

~ ianiticsint ie udsttire~ s icin((enoc~ b prme) k~ sectios 'Since the terms containinig a exclusive ofA
I Ie qlt ions appear as a result of the cambecr effect, te unlfegt/

0,- f31)2 f9 --( 1)2 [1 I:t.~f< in such terms must be replaced by 0.843d as requiiredI by
(I +~ i~~'4 9 a-+ I--~ i 2 ('d' equation (23). In1 tie terms which dependI upon time thick -

noss and wake effects anid are diistinguiishled b~y the iptodnets
(4) Au''and -C', the quantity h is replaced by 0.7"79(t in accord-

1?R, _ 0l- .7 Or~)' [I - 0.7(1 /')2 [1 -1.4(A,/')] ) atice with equation (41). This involves the assumption
213Ku )12 1 - (.31 1)2 i 2 1 11 already mentioned that thie height of the equivalent tee-

(49) tangunlar tuinnel with regard to the wake ('fleet is the same
as that calculated for- the thick~ness ellect.

+ - tt.2 12 [I /2 2(/' )2 I )-.4 ll " As in reference 5, the free-a ir lift, quart4'r-chord-monieoilt,
[I ~~(//412 u] (311)2 -~i-'C ind drag coef'fhicients referred to the truie clyniiaic preissure( qi

(501) aic (denioted by Ihe conventional symubols. The correspoiid -

"Nilical valuies of, t~n' fuinctions of -1/, whlichl appeal.l iig quantities measm ed in the tunnel and referred to the

Oiese equations are gilvenI in tablde If~, wxhiii IS repr'lii0ied aipparelit dynai(i pressulre q' aire denoted by t1e samle
fro reernce5.symbols with primies adIded. The final equations for the

At ow I (I mnmiiers ti' eris '011 aungi-2
1

, l correctedI acro(Iviiam ic coefficients are then

( Imt iolis for in' corirected streamli characteristics are hiSiiiiII N , ( __

iieg-loiile ias compiaredI Nith t lie termis coittaiiiiig .\O-,. t -\)l (1)1

high) Mac l.ilililers, iwcew~i'ie inl' drag ccfHicieiit isl [2 - (/11 21 [1 +±0. 43F)21
Vciv Ilarge, t In' terlls with i-p' redoiiiillate. (A) i2d5 dl

RLINSBTENAIRFOIL CHARACTERISTICS IN TUNE 2- (_I/') 2

tI'ie ciaiictelisti('s of the alirtoil inl tree alli a-e no\\- readily I--(ftt 943)2]

d('teiliilied Ili t('I1i5l of, tine chiaiactcrist ics at tin' ilispmni 4 1 (3') i-(, ± V4)(lf2 (2
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C"=C1' I 3-0.6(M) 2 . 2 -If it is assumied that the section of sonic velocity is coin-
_1 A!) 2]3'2 Acident with the section of minimum area between the model

[2-}Af) 2 [1 +0.4 'M')2j (53 andl the tunnel wvalls, the apparent choking Maclh number
- - 1-(A72)~can be obtained from elementary considerations of uni-

dlimensional adliabatic flow, as shown in reference 5. For
iiiiil tile correspondling ang1le of attack in degrees is the present case of a constant-chiord airfoil spanning a cii-

5 7.cular tunnel, the apparent choking Mach number MI',, if
a w = 1' --(/)2 ci'+4c,,rj4 (54) finally definedl for air (-y= 1.4) by the relation

whii're the faetor (T is giv en by 1 M ,

,0.289 d(55)

wvihere t, is the "effective" thickness of the airfoil and d is, as

an 1) hefcosd a a, ar0 saaydfndiqain before, the diameter of the tunnel. A graph of this relation

(46) and (47). Numierical values of the compressibility is given in figure 4. As a matter of interest, the results are
hactors which appeal iii these equations are given in table 11 shown for the supersonic as well as the suibsonic flow regime.
Thie correctedl quantities correspondl to the true Reynolds The region ab~ove the curve represents an impossible state
imber and[ true Nlach inmber as given by equations (49) of flow.

and (50). In estimating tire apparent choking Mach number in any
Fromn a rio-orons stand~point, thre foregoing corre'ctionis practical case it is necessary to replace the effective thickness

apply oinly to dIat a obtained fromn chordwise pressure (lis- t, by the projectedl thickness t, of the airfoil normal to theri1 f1r iosa1h ilpusc ono earol culy direction of flow. As indicated in reference 5, this procedure
as hs alea~y b~een pointed out in the (liseussion of camber leads, in the case of the subsonic windl tunnel, to a vr

(fleet, tile exper-imlental chordwise pressure dlist ribu tion at. estimation of M's, because it neglects the possible con-
any gIy en angle of attack is sensibly constant across the span. t(ion of ait portion of the stream aft of the airfoil as well
TIie correct ionis should th erefore be afpplicab~le wi th stiffhieiit, as the effect, of the airfoil boundary layer.
aecliracy to dat a obltained from presstire (listributions at anly.2-- /

Ref erenice 5 also incind(1es a mietlioil for (0oirect inig experi-- __

iiieii I I cf ord wise j)Ie55(e (list ribu t iolls to free-air condi

tions In thle (ase oft an ailroil spalning" a rectangu-ilar tunnel.__ - -

The so nce proced uire may b~e ap~pliedl to piesslre (flist ri butiOii5 -

over ii alirfoil spa nning a circuilar tuninel if thre factor r T- -- -__

is replacedl by -r, anrd the factor or by 0-, wherever it a ppearIs
alone )ri b where it appears Ini the product Aq..1

CHOKINGl AT HI(CH SPEEDS5

As, explained iii reference 5, for tests of a miodel In anly
closed-throat, wlind 1 iniel, there is somne value of the Mlach .1.2 -f-- -

inniber -1V of the undisturbed st ream which cannrot tbe

Thsfollows from thre fact, that at high speeds the comibina- C-_ -- -__

eX~~~~~ee~~~~~Iposil irepetveootewrwrinu t gl uinl
Ion of mrodel adl wind tuinnel acts essentially as a converg- N ~ -/Ipsil /wrgo

in g-dire rgia g 1n0zzle,, and the flow lin tire urminel exhibits the
ehracterist ies of thle flow in such a nozzle. Thus, at some .08 - --

\ lacli nurniher less than unity iii thIie unistumrbed stream - __ - --

sonic velocity is attained at all points across a, section of tie .0
tutnnel, usually 'in the vicinity of the model. When this e- - __

occurs, increased powver inlput to the tnnel serves merely --

to ext end the region of suipersonic flow dlownst reaum of' this04- _____/

sonic sect ion anlwhs no (effeet upon the( velocity of thre st ream
ahead of the Inodel. 'IHr(, tuiel is then said to be ''choked!',------
anal tilie Mach liiuber AV' of the nidisturlbedl flow ahnead of .o - - -- -- -

thre air1foil has its Inaximuni attainlable vale. This value Is

Ifescribed as the apparenit (fiokiig Machli nuniber, the word L
a ppa renlt being u1sed to difher-en t iate thIis valuie fromt til .4 .8 1.0 12 Z.4 /B 1 8

'orre'(sp)ondll'i free0-air NlaCh 1auni1Cl her A!Which wouild be, 6ho*1rmg Mach Nu~mber, Mfh
coinpn e l roni t(n to (50) It. 110okli inl eq11ht :ii deittjjiw ii 1i thicn))s
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The importance of the boundary layer and the accom- no way is known to combine the thickness and drag effects
panying drag with regard to tunnel choking is pointed out in a single calculation as should logically be done.
in reference 5, where the apparent choking Mach number is It should be noted, as pointed out in detail in reference 5,
calculated for a flat plate at zero angle of attack in a two- that the flow in a tunnel at choking does not correspond to
dimensional-flow wind tunnel. Since the projected thickness any flow in free air. Furthermore, for a range of Maclh
for the plate is zero, the unidimensional theory would indicate numbers just below choking, where the flow is influenced to
that no choking occurs. Actually, because of the fact that any extent by the restrictions which finally promote cloking,
he plate experiences drag, choking does take place. Similar any wall-interference correction is of doubtful accuracy.

considerations hold, of course, for a flat plate spanning a This is particularly true if the model is at an appreciable

circular tunnel. In this case the apparent choking Macl angle of attack so that sonic velocity is attained across the
iilnmber for air (7=1.4) is given by the equation stream on one side of the airfoil before it is on the other.

(!)C,=] + 1.4( )2( J 2-], 2 EXPERIMENT
- , 2.8( ) I1 + 1. 44(l',] (57) The experimental investigation was initiated for two rea-

sons: (1) to determine the spanwise distribution of lift over
A graph of this relation is given in figure 5. The effect of an airfoil spanning a closed-throat circular tunnel, and (2)

to examine the validity of the theoretical interference cor-
tunnels is shown. It call be demonstrated that the points rections derived in the preceding analysis. As has been pre-
on the curve correspond to a Mach number of unity in the viously mentioned, the development of the theoretical rcla-
flow far downstream of the model where the wake has spread tions requires a knowledge of the variation in lift over the
completely to the tunnel wall. Points above thie curve span of the airfoil. Since no theoretical or experimental
represent impossible conditions of flow. In most cases evidence regarding this matter was available, the spanwise
encountered in subsonic tunnels, the apparent choking variation in lift was investigated experimentally for an
Mach number determined by the tiickiiess of the airfoil and NACA 4412 airfoil for two ratios of airfoil chord to tunnel
defined by equation (56) is usually the lower. For very thin diameter. The results of these tests are also directly appli-
airfoils at small angles of attack, however, the value of A', cable to the examination of the validity of the theoretical
given by equation (57) can have the lower value. At present correction equations.

The experimental work was performed in a low-turibmlec,
.20 - -nonreturn-type wind tunnel with interchangeable throat see-

tions of 14- and 8-inch diameter. The two chord-diameter
ratios were obtained by testing the same airfoil in each throat

.8 -- section. Since the airspeed was held constant throughout
the tests, this arrangement permitted the Reynolds number

J, and the Mach number to be duplicated simultaneously for
the two chord-diameter ratios. In this manner the effects

- - _-of any variation in these parameters were eliminated from
.14 - the tests.

The NACA 4412 airfoil was used because a model of suit-
- -able size was already available ideally equipped for pressure-

./2 --- distribution tests. The model, which is described in refer-
-- - ene 16, was of 5-inch chord and 30-inch span. This chord,

" together with the two throat diameters, gave ciord-dia eter
_._ ./0 - ratios of 0.357 and 0.625. In the tests, tae airfoil extended

-- -- through the walls of the tunnel and was clamped in tight-
Impossible f/ow reg.on fitting support blocks which prevented any leakage of air at

.08 -- the walls. The 54 pressure orifices located around the sur-

-- -face of the midspan section of the model were conmected to

.06 a multiple-tube manometer for measurement of the pressure
distribution over the airfoil. To secure as accurate pressure-

- - - distribution data as possible, alcohol was used as the manom-
. -- - - - eter fluid and the liquid heights were recorded photographi-

__ ,cally.
- - - __ - -Pressure-distribution records were secured at each of eight

.02 - angles of attack from -4' to 15' at a Reynolds number of
- -. -"approximately 450,000 and a Mach number of approximately

0.2 with the model mounted in both the 14-inch andl the 8-

.4 .6 .8 .0 12 .4 IS. Z8 inch diameter throats. The spanwise (listribution of lift was
choking Mach Number, M%.A determined for each angle of attack by sliding the pressure

F!iJRE .- Choking Mach nunber as deternined hy airr,,i daq, orifices laterally fromil one wall to the other and recording thm e
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inlicateil pressure distributions at a num-rber of spanwise c
statons.The (llordwise p~ressulre (hsti-ibutions were plotted / -"/. 0 V

aind mlechanically in tegrated to obtain lift andl qutarter-chlord [fli1
moment coefficienlts. No dIrag c'oefficients were ob~tainedl
because the experimental installation (lif not, permlit balance ------- -

mneasurements to b~e mnade and wake surveys were not feasible. 14 - e. 12
By testing the airfoil in b)0th erect and] inverted attitudes- _ j-

hel inclination of the ir strean with r-espect, to thle tunnel /2- 7
axis was (leterlnine(l for each throat section. The stream - -

a utgle was found to be +0.45' for the 14-inchi thiroat, andl 00'
for the 8-inch thiroat. Corrections hiave beenl appllied to all ce, a .g 0

anges of at tack for thec measured angudarit,/~-- -

The spanwise (listribuitlin of lift, coefhcient, unicorrectedl for - -- 7
tunnlel-wall iii terfer-ence is shjow\n for the( two cliordl-(ianmeter 1.4 --

ratios in figures 6 and[ 7 in whiich lift coefficients at various ce; 4. -

angles, of' attaick are p~lottedl as a function of thle spanwise 1.2- -- = =

location of the measuremient, plane. - - -- - - - - --

Curves of lilt coefficient, against angle of attack for tlie two ~t ~I---------
(lorn-ol iamnet ei ratios, ar-e shown uncorrected for tunniel-wall
nterfer-eice Ii figiure 8 (a). The results given pertain to the co -- 0-

section of tite airfoil at, the center line of the tunnel. Tme- - -- _ - - - - - -- __

corcsIoi~ligcurves (0rrctedl for wall Interference l)V .

mecans of equations (51 ) aind (54) are shown in figure 8 (1).
Ii app~lying the corr-ect ions, the termi containing 7Tc,' was .4 -/ + A-,

necessaly oilnitteol as no ineaisurenlents of' (Irag were mnade. --
For the values of C, to be expected ill Suich tests, however, .2- --- -j ------

1.8 1 - - - - - - -- -- -- - - - - -

1 1-2 7. I n77~

8 - ----------------- -/00 -80 -60 -40 -20 0 20 40 60 80 /00
0/s fance from t

0he tunnel center/,ne In percent radius

1 4 - __ -= 12. - - - FLjITI , 7. Spir wise lift distribution for the' NACA 44i2Marfoil. c/I- .625.

---- this termi wouldl be negligible in comlparison with tile remniin-
1- - -- - - -' /45 ---- -- m termns so that this omission does not, affect, the final results.

- -- ---- ---- ---- --- For purposes of comparison, section lift chlaracteristics as
- - -obtained by Pinkerton from tests of a finite-span rectangular-

- -- ---- ---- ---- --- airfoil in the Langley variable- lensity wind tunnel (reference
6- -- - -- - - - - - - - - 17) are also shown. These (data correspondo to an effective

--- --- --- --- --- -- Reynolds iumiiber of 450,000 andl are thius (irectly comparable
1.-4 to the results of the present test.

- -= -~I-= - >-Ini figure 9 (a) curves of quarter-chiord moment coefficienit

1f------------------,against lift coefficienut are shown iincorrecteol for tunru'l-wall
ri I~- inteiference for- both chiord-diamneter ratios. The same (data

Q totre plotted in figur-e 9) (b) after correction for wall interferenice
Q ~by means of equations (51) and (52). Also shown for comi-

~ .8 u- - - - - d 2.d2----------------laisoil are the correspondling data from reference 17.

DISCUSSION

- -- -- -- -- -- -- -- An examinationi of figures 6 and 7 reveals the previousl 'y
.4-- . -. mentioned fact that there is no appreciable variation in lift

- --. -over the span of the airfoil at all angles of attack uip to those
.2- -- - - -- - cez-5 closely approaching the stalling angle. This observation

holds for both chord-diameter ratios. In the vicinity of the
- - . -stall a spauwise variation in lift appears which becomes pro-
- - --- -gressively more erratic as the angle of attack is increased.

-10 migh be 80eced 80i vaito/00msapaeta
-20 -8 -6 -4 -0 0 As migh se exetd/hi0aitonbcmsapaeta0

Distance from th unnel cenfert-e /n percent radi u8 lower angle in the case of the larger chord-diameter ratio.
F I GURE 6. 5pariwise l ift dtis tributionl for tie N AC A 4412 airfoil L /= M37. The results of figures 6 and 7 corroborate the conclusion of
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/ /

o - ~~x c/d .625 _ _i

-Reference 17

-. 2.

0 40 a- 12 1 - 4 8 1

.28 I~ FT*---- _

024

-8 -2 .4 .6 .8 /.a 12 /04 -8 - 0 2 4 . 8 /2 /6
Angle~ of'' ackfl7i7,o' de1 Anget/ o lflck C~fl /, eg

() tiorr totl for untiol-wall eects. (h) Corrce d for I utiml-all effct s.
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Appendix B for the particular case of the airfoil spanning a 5 with regard to tests in two-dimensional tunnels. The

circular tunnel. same general considerations apply in the case of an airfoil
From figure 8. (b), it is seen that the corrected lift curves spanning a circular tunnel.

for the two chord-diameter ratios agree almost exactly with CONCLUSIONS

one another except at angles near the stall. Below the
vicinity of the stall the corrected data coincide with the Airfoil (lata obtained from tests at subsonic speeds of an
results of reference 17 except for a constant angular displace- airfoil spanning the center of a closed-throat circular wind
ment of approximately 0.2'. In reference 16, Pinkerton tunnel can be correctel to free-air conditions by means of
estimates that his values for the angles of attack may 1)e the following equations:
too large by a constant error of approximately 0.250 becauseI
of a possible error in the assumed direction of the stream. -2 1 + 1-). r2 (

it is thought that the angles of attack of the present experi- [ )('2(

inents are accurate to within 40.1'. These limits of , ( 2 1) [2j2(f ')2] [14-0.4(All ,2
accuracy are sufficient to account completely for the apparent q q [ t -):/2AU2 + t 7 2 C

angular displacement. (48)
In the region of the stall, the corrected lift curves for the I 0- 07 (.111)2 [1 07(Q1'J][ (t04(;i1') 2] ,

two chord-diameter ratios (to not, mutuallv coincide, but 0.7' CI)2 [ I .7(A )

the data for the chord-diameter ratio of 0.357 agree with 1 ( 21()
2

Pinkerton's results within 2 percent. As previously men- (49)

tioned, Pinkerton's tests were made with a finite-span 1)+ 0 2(1)? I , , 0 )2]  ,
rectangular airfoil, for which the cross-span variation in 11 1'. I][-02,,1)2Va- 11 _ 2(A)l [1 04(') I

lift is necessarily large. It is not to be expected that the (5)

determination of maximum section lift from such tests
would be as accurate as from tests of a through model, for U ' U- + 5.a "'l 'c (deg) (.54)
w liich the cross-spani lift, variation is small. 2 1 2 )/4

It is seen from figure 9(b) that the corrected moment
curves agree satisfactorily with each other and with the re- c1(All) 2- [1 (1') 2:/2

sults of reference 17.
In summary, for angles of attack below those in the region [2- (11')2] [1 +04(A1) 2](

of maximum lift, the results presented in figures 8 and 9 1 - (/I) (5)

dleimonstrate the validity of the theoretical lift, moment, and 1 2- (3lI)2
angle-of-attackl corrections for low Mach nmbl ers and chord- c,(,4 c, 1[ (11)-]/2 Aa-

(lianeter ratios lip to at least 0.625. For angles in the vicin-
ity of maximum lift, the Corrections are not strictly applica- [2-T (Cl )d [1 I U0.4(31)] , )

ble u ) to such a large chord-diameter ratio. The results of I - (l 1)2 - re' tO 4[1 (A1)2] (52)

the present test indicate that an accurate determnation of c 3-t0(A1l')2 [2 -(, 1) 2] [14 0.4(Al)f 2
maximum lift, can be made with a chord-diameter ratio at c, [ (d1 ') 2]1z1

-
2 - (3l2('Ql

least as high as 0.35. An evaluation of the accuracy of the (53)
correction equations at high ifach numbers is not possible where r>, a, and - are given byomi th~e basis of the experimental evidenc'e available at presen~lt. hr ., rda.'' gvnb

1t is to be expected, however, that the maximum perimissible iC\

chord-diameter ratios will (he-rease as the \ aeh number in- T2 d0. )( (46)

creases.
The data of the present paper enable no definite conclusions a- 0.289 (55)

to be drawn regarding the validity of the drag correction.

However, In viewNN of thle accuracy of the( other (-orrec-tions for Ic1Y9 )

the circular tunnel and in view of the fact that the (orre- r2 d0.339 (47)

sponding drag correction for a two dimensional tunnel is
known to be accurate, it is to be expected that this correction and A is a dimensionless factor the value of which depends
will give a satisfactory evaluation of the wall interference upon the shape of the base profile of the airfoil. (See table

u1)o the measured drag. I and equation (3) of reference 5.) The remaining symbols
The equations of the present paper should not be expected are defined in Appendix C. Numerical values of the fune-

to give accurate results when applied to tests in which air tions of M' which appear in these equations are given in

leakage occurs at the tunnel walls. in such tests the lift at table II. Experimental pressure distributions can also be
the walls drops markedly, so that the assumption that the corrected by proper modification of the method of reference 5

lift, is uniform across the span is no longer valid. The as indicated in the text.
importance of avoiding sueh leakage, if reliable airfoil Tests of an NACA 4412 airfoil at low speed for two ratios

characteristics are to be obtained, is )ointed out in reference of airfoil chord to tunnel diameter demonstrate the validity
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of the foregoitig equations at low Mach numnbers. At angles it is demonstrated that the lift is uniform across an untwisted,
of attack below the region of maximum lift, the equations are constant-chord 'iAfoil spanning any J'osed-throat wind tm-
applicable for chord-diameter ratios up to at least 0.625, the nel, irrespective of the cross-sectional shape of the tunnel.
maximmn ratio tested. In the region of maximum lift a The correction equations cannot be expected to apply at
(hord-diameter ratio of 0.35 is known to be permissible, and or in the immediate vicinity of the choking Mach number,
still higher ratios may give satisfactory results. An examin- which is the maximum lMach number attainable with a given
ation of the validity of the equations at high M\ach numbers combination of airfoil and tunnel test section. The choking
is not possible at present, but the maximum permissible Mach number can be estimated by means of equations given
chord-diameter ratios may be expected to decrease as the in the report.
Mach number increases.

The tests also indicate that at low Mach numbers the span-
wise lift distribution on an airfoil spanning a closed-throat
circular tunnel is essentially constant except at angles of AMES AERONAUTICAL LABORATORY,

attack in the immediate vicinity of the stall. This result NATIONAL ADVISORY COMIMITTEE For AERONAUTICS,

corroborates the general conclusion of Appendix B, in which MOFFETT FIELD, CALIF.



APPENDIX A

TRANSFORMATION OF SERIES OF BESSEL FUNCTIONS dhntation to the right of the origin, since the integrand has

The series involving Bessel functions which appeal- in the a pole there with residue (r2 
,

2)/r77. If the radius of the
discussions of the interference effects associated with airfoil ilidentation) is miade to approach zero, WI may finally be
camber an(l thickness are, as pointed out in the text, poorly written
suited for use at small values of the variable x. It will be r2+72
shown here, by means of a method demonstrated by Watson - 2r77 --
(reference 15), that the series may each be expressed as a J,'(w) Y (w7/r) - J (wnlr) Y1 '(w)
combination of elementary functions and a convergent power 2w,' \2/ J1 '(w) e aIdw
series. The resulting series are well adapted for use in the (A6)
present problem. The notation used for the Bessel functions
is that, of Watson (reference 13) and of tile Smithsonian From the known relations for the nodified Bessel functions,
Tables (reference 14). it is readily shown that

Series for camber effect.-The discussion of the interfer-
ence effects associated with airfoil camber involves the series J t = iL(t)

Y (it) -I ()±2 iK ()
T

(A7
J,'( it) I,(t if7

convergent for negative v(Aes of The s7)noll with
respect t ) s cxt ends over all the positive roots of tile etiat ion ' 1(±it) +iIj'(1) + ' (t)

0 (A2) where I, and K, are moodified Bessel finctions of the first

Letting.j -=Xyr and f -x, the series iiay tbe Nlitlen1 and second kid of order unity. By writing the integral
in equation (A6) in two parts, one along the positive and

J (j,/ 17/0( ole along the negative imaginary axis, and replacing w in
-'j( isd() t hese integrals by +it find -it, respectively, It', then

I[)OC(nl(eS
where the summation is taken over all the positive roots (f the
eq_ 2i ion,,'(t)K,(In/r)- l ,t/r '(teqainJl'( 0) 0 (A4) 2 r/ 7 It Sill (tK/') (it

or
Now, consid er the function .2 77 ±+ l Kl(n/lr) sill (tb/r) dl-

-T J ' (W) Y , (? '! /) - J, OP77/) Y, '(V )

2 J,' (),) -) K,'(t) I, Sill (it (A8)
IT J0 Ii'(t) A (tijr) sin (tK/r) t

where the quantity Y'j is a Bessel function of the second kind
of order unity. This function has a sinple pole (it each of The value of the first integral in this eNliatioul is given by
the points w- ±J, and is one-valued and analytic at all other Watson in reference 15 as
points in the complex w-plane. Its residue at the point j, ,S 6 - rK
can be shown to be o t(I/) sin (/) dt(A9)

J (dj,)Ji (is) ''he second integral can be evaluated by expanding the
product. Il(tq/r) sin (tK/f) in ascending powers of t and inte-

which is identical with the general tern of the series (A3). grating terin by term. The series expansion for the prod-
lBy the theorem of residues, the integral of the function (A5) uct is
taken counterclockwise around a contour inclosing the por- (-1), t2( + +

i) 2k+l 2
p

+1

lion (f the complex plane to the right of the inaginary axis Ii(tn1/) sin (tK/) , E 2k 1) - I2(1+) 1-

is then equal to 27-ill'. The integral along a large semi- k=0 p=2

circle on the right of the imaginary axis tends to zero when ,li the term-by-term integration gives
the radius of the semicircle tends to infinity through values ("+ KI'(t)
such that the semicircle avoids the poles of the integraod. Jo Ii'(t) '( tm/r) sin (1K/r) dt
It is thus necessary to retain only the integral along the (-2) 2(24 1) (A
imaginry axis. The contour must, however, have an in- k! (k-n +) (2p -+ t)! 2+ rA +

(k
+
vP

+  (A10)

17
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The coefficient P'2I- tt-11) P'2f is givn-f by Now, the integral (A16) taken around the cli-cle Iw IR

t )I t~l (11tends to zero when R tends to infinity in such a manner
, 2f i () I, d- that the circle never passes through a pole of the integrand.

I2)7 f'(/) It follows from the theorem of residues that the sum of the

which may be written After integration bty parts residues of the integrand at all its poles is zero; thus

. 1t'- T- (1 + -_l)2 - 1)" (a-+ 1/2

W + I--(2 1)> [1'(t)]2 (A )(1)] (0Cos rt/b) 2[() b/2)- t] [I,'(ab-V b/2)]-

This integral is a corstant for any given value of f. +2(- 1: ) E - - _ L• ,.: d 2(.j(j -j,-)-e(osh (,"/b) .-....2 t2)

Reverting to the original variable x, the expansion for It',
iav finally be written -j,2

112+ 77 2 f- (7irj,/b) tani (iyd'/h) + 3 IS A 7
1 2r - 2 N" q +2 + 

( 1 +7)2(,.I - )P p2+,+ , _] (.,P

z Az ((k1)! ( ) 22q,+ I, 2, p- (A 12) By multiplying this equation by cos (71t/b) and integratlig

k-=, k! (k 4 1 )! (21j 1)! 22 1'",) from - to + - , it can be shown with the aid of certaiii

Tils agrees with the result given ithot derivat ion b integral relations given by Watson (reference 15, p. 3() that

Tunii and Taima (reference 18). l 2fdt __)2l 2-

For purposes of computation the coefficient 2f is written j- [' F(t)]2 ] [I,'(nb + b/2)]2

P 2(f2(f+ 1 ) I JL (2 J(j,- (1 2)2 cosI (7rj,/b)

where t2 _j - (AI2
_ -- -- 2 ( .f -" )+[ (- '/ b ) ta n h ( 7 rj ,/ b ) ] ( A IrS )

0'2f T [J[I (t)]-2 (A14

and therefore
The (I'antity [02f can then be expressed in a form suitable I t2fdt b :L (hb+b/ 2 )2f+
for computation by means of a method devised by Watson 0P2f- r-0 [I' (t)12 r,=0) [1' (b +b/2) 2

for an analagous integral (reference 15). 2f+3

As the first step, the function (--)f J) Lsh/ )b

[,)2 COS (ih1b) (A 15) 2 = + I ) _ oShuj,/ (A 19)-j2 ) Cosh (7rj,/b6(n19

is written as a siun of partial fractions, b being a positive The first series in this e(llation converges ra])idly when b is
constant which will be fixed later. This can be accoioplished large, the second when b is small. A reasonable compromise

by considering the integral for purposes of calcuation is to take b= 1.

w 2'(I, Equation (A19) with b=1 has been used together with

J(w- [I ( .)] 2S (0rw/5 b (Alt)) equation (A13) to determine the first four values of the
coefficieiit p'2:. The final restdts are

around the circle wl--lI in the complex plane. The inte- fia -- ts.a99

grand of the integral (A]6) has poles at, the points (.9 - 9.7 \

w-t, w qv-j, wI(t+ 1-/2)b (A20)-9.78

where J, is a positive zero of J1 '(w); and .s 1, 2, :3, ... , p's 120.8
av=0, 1, 2, 3,... . .The residue at the simple pole at w=-t Comparable values of '2 and '4 to the same number of
is the fuintio (A 15). The residues at the simleh poles at.
is th n 1 ) . Te rsignificant figures are given without derivation in reference

S +1/2)b are 1 /218. The value of P' 2 in this latter reference agrees with that
(-- 1) "(Vi 1/2)2/ b2f->l of the present paper but A'4 differs by one in the third decimal

7r(nb+b/2T t) [I,'(b+b/2 )12 place. The value given in (A20) has been carefully checked

ilie pioles at, ?rzz _Li are seconid order poles; the i,'eidui ~ for several values of the parameter b and appears to be cor-

di it are rect. Values of P'6 and p's apparently have not previously

(-1cr ) ' 1 been com puted.
( 1-12 )j 2 -c+s ( b *J Series for thickness effect.---The series which appears inJ1(j ) (I--jL2)2 cosh 'jb) 2 the discussion of the interference effects associated with

airfoil thickness is
b) t, 7• 2A

2 7- rj/b) t.8 anh j/b) + 1 2  
X x-] (A2]()-j ±it ~~t-jitJ2(

5(A2 ±i )
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convergent for negative values of x. The summation with Reverting to the original variable x, the expansion for W
respect to s extends over all the positive root, of the equation may finally be written

J, (XFr) =0 (A22) r 2 -7 -1)' £2 (k+p+l) 7?2k (A31)
(A22-- ,2 2)3/2 , k! + ( 

2 k +  (A ] 3 1)

Let t ing , =- X- r '1(l id -x as before, ilbe series Inay be writ ten

The integral (A30) has been investigated by Watson (re-

J _ference 15). Its value for any given r can be computed from
,(- (A23) tile series

I I P t2llt 1)± (nD I-b/2 )2.1

whlle til(, siIll) Ilallion is ak(e1l (over tile positive roots of 2f I 1I7 1,2( t) r ,
=

, I 1
2( 1 b/2) +

,t lJ(w) Y ( .'r)i/)Y_,(2f+ 1) c j (A32)
S(A25)

where I is an arbitrary positive coast ant. This equation has

has a simple pole at each of the points w- ±js. Its residue beel used with b .- I toI 11e i e t10 first fo III Vle( of 2f.

at each of these points (an lie shown to be identical with I teIe The idllll results al,

general term of the series (A23). Unlike the function in the U2 0.797

previous series, this function is regular at the origin. lute- A4 1.20(0t)

gratio]) around tile portion of tile complex plane to tile right v 7.46

of the ilinaginary axis then gives s= 9)6 .2

7 i -(w) Y, (w7ir) -J (011/) Y, (mi) 'lTe first two of these values agree to the three (ecimal phes
2- - , ..... jw wi th tile two numeri(cal values m('on)uted b Watson. Tile

(A26) remainlig t Iwo values h'1ive not Previously Ieen eon1)1t1,ul

By applying tie first two of equations tA7) and combining APPENDIX B
the int egrals along tile two halves of the imlaginarv axis as
before, tie series becomes CONSTANCY OF LIFT OVER AN AIRFOIL SPANNING A CLOSED-

THROAT TUNNEL
I< 1r l (I!r) cos (IK/r)dt-rJ , Iit1 1 t,(/r) cos ((f/r)dt Consider an infinitesimally thin untwisted airfoil of con-

ostant ch1ord spanning a ( losed-tiroat wind tunnel of arbitrary
(A27) section. Such an arrangement is siown in figure 10, which

The first, integral ("111 be evaluated by (lifferei tiatilg rela- is a section of tite tunnel as seen from downstream. It is
n A9wihrspt Tis Oratn giVes assulned that the flow in the tunnel is nonviscous and thattion (A) iti respOct t1 K. iaeI g tlw airfoil therefore has no drag.

.2 Suppose for the time being that the lift, varies in some

JtK(t/r) cos (t,/r)dt, 'r±) 7 (A28) manner across the span of the tirfoil. Any such variation

will be accompaied by a system of vortices trailing from the

The second integral can be evaluated as before by expand- airfoil and extending infinitely far downstream. If the usual
ing the product ,(In/') cos(Ik/r) in ascending p)owers of t assumption is made that the trailing vortices are parallel to
and integrating term by term. The series expansion for the the axis of the tunnel, the flow pattern in a plane normal to

proluct is the axis at infinity downstream must be of the nature shown

tIt2(k@/r) 2-/,. 2p
ff hl)COS (k--l')' /f ")!{ 21- 1,2 1+l2-21) 1 /

and the tern-by-term integration gives

I, l (Itqr) COS (1K!,') dt

: = J- ( ! (-1) )! '22Ai-P
1 7 '2k I

K  ( 29)

where the (oefficielItY2(k-1 p-t I )2f is given by

I J"J K, (t) t . ... 1 'r t2/d3(Ut1 ) I((0- ) 11
2(t) e I( ) t,. i . to. .A ssuill fled paoxx ui n el II .i... . 1itmal to tunni axisti 1 fii y 1ows'r........
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in figure 10. The flow pattern, in general, consists of a nun- The foregoing reasoning is, of course, inapplicable for an
ber of separate sections within each of which the flow has a airfoil which (los not span the tLnreel or for a finite-span
closed, circulatory character. The line AB, which represents airfoil in free air. In these instances, tie projection of the
the projection of the airfoil, extends across every such section, airfoil does not extend across all of the sections into which
and each of the sections contains the filaments of a portion of tile transverse flow pattern is divided, and the streamlines
tie system of trailing vortices. The exact character of the of this pattern need not intersect the projection of the airfoil
flow pattern in any particular case depents upon the span- in two points. Under these conditions a type of varying lift
wise variation in lift and upon the cross-sectional shape of the distribution can be found wich does not lead to a logical
t unnl. inconsistency.

Now, consider the flow around a streamline within any one
of the separate sections of the flow pattern--say the stream- APPENDIX C
line CD in then section at the left-hand side of the tunnel in LIST OF IMPORTANT SYMBOLS
fiore 10. This streamline, like all the streamlines, inter-
sects the projection AB of the airfoil in two points, denoted c airfoil chord
as C and D in the figure. The fact that in the presence of d diameter of circular tunnel
tHie tinnel walls each streamline must intersect Al3 in two r radius of circular tunnel
points is essential to the discussion. If it is supposed for 11 height, of rectangular tunnel
purposes of discussion that the direction of flow is clockwise III height of rectangular tunnel equivalent to circular
as indicated, the vertical component of velocity at C is tunnel with regard to camber effect
upward while the corresponding component at D is down- h height of rectangular tunnel equivalent to circular
ward. This direction of flow corresponds to a net circulation tunnel with regard to thickness effect
in the clockwise direction for all the trailing vortex filaments (1/4 ,hoid-height factor with regard to wake
enclosed within the streamline.

At the position of the airfoil the pattern of transverse effect in rectangular tunnel

velocities induced by the trailing vortices is geometrically T., 0.321 c;hord-dianmeter factor with regard to wake
similar to the pattern at infinity downstream, only the \a/
magnitude of the velocities being different. I-ence, at e ioints
o1 the airfoil directly ahead of point C, the vertical velocity a0r ( choid-height factor with regard to canber
induced by thl trailing vortices is upward. At points and thickness effect in rectangular tunnel
directly ahead of point D, the velocity is downwardi. Tirs, ,c)2

since the airfoil is untwisted, the airfoil section correspon(ing a1  0.289 d chord-dianieter factor with regard to
to C operates at a larger effective angle of attack than does camber effect in circular tunnel
the section correstionding to D. If the airfoil is of constant i c factor regard to
clorl as assumed, this means that the lift at, section C imist d 0.339 hord-diameter with
be greater than the lift at section D. thickness effect in circular tunnel

As has been pointed out, however, the. trailing vortices A factor depending upon shape of base profile (see
discharged between sections C and D nmust have a net cir('u- equation (44) and table I)
lation in the clockwise direction in figure 10. This means a aingle of attack
that the circulation of the spanwise bound vortices at see- c! section lift coefficient
tion D must be greater than at section C. Since the direC- c,,,/4 section quarter-chord-nomenit coefficient
tion of stream flow was taken to be toward the observer, this c,, section drag coefficient
in turn means that the lift at section C must be less than I' stream velocity
lhat at section D, whicl is in direct contradiction to the pre- q dynamic pressure

vious result. The original supposition that the lift varies M! Mach number
across the span thus leads to two mutually contradictory I? Reynolds mnber
conclusions and is therefore invalid. It follows that the rX,y,z rectaiguilar space coordinates
spanwise distribution of lift is uniform across an untwisted, X.,oo cylindrical space coordinates (see equations (1))
constant-chord airfoil spanning aiiy closed-throat wind F/ circilation of single line vortex in tunnel
tunnel, irrespective of the cross-sectional shape of the (1"/d4 circulat ion per unit chord length
tunnel. vX i y and. z coordinates of elementary vortex

As mentioned at the outset, this result depends upon the Co,O radial and angular coordinates of elementary vortex
assumption that the airfoil is infinitesimally thin and has no .hordwise coordinate of elementary vortex; also
drag. It will not be strictly true if the increase in effective variable of integration in equations (2) and (3)
streamt velocity caused by tie interference between the walls P velocity potential
and the airfoil thickness and wake is not uniform across II/ x and z components of induced velocity
the span. The result also neglects any effect that the bound- AI" increase in axial velocity at position of airfoil in
'try layer along the walls of the tunel may have upon the tunnel
lift distribution. That these approximations are not serious, ji doublet strength
at least in the case of the circular tunnel, is indicated by the pt, projected thickness of airfoil
experimental results of figures 6 11n( 7. effective thickness of airfoil



_WALL I1TRI2 ERENCI: UPON AN AllFOIL SPAN NING A CLOSED-THIZOAT CHlIULAR WIND TUNNEL 21

IF,1V2 series of terms involvinig Bessel functionis (see equa- 5. Allen, 11. .Julian, and Vineenti, Walter G.: Wall Interference i a
lions (A]) and (A21 ) of Append(ix A) rw-1)iimetisioiial-illowN Wind Tunniel, wvith Consideratin of the

,JI,, Y,. Bessel functions of first and second kmid of order in Effect of Compressibilitv. N ACA Rep. No. 782, 1944.

(Wasons ntaton)6. ['age, A.: 011 the Two-1)iiensional Flowk piast, a Body of Symi-
meltrical Cross-Section Mounted ilt a Chaniiel of Finite Breadth.

I IK, inodifiedI Bessel functionis of first andu secondl kindu of 11. & M. No. 1223, British A. It. C., 1929.
order in (Watson's notation) 7. Stuper, J.: Ani Airfoil Spanning anl Open Jet. .NACA 'IM No.

K, variable of summation (lefihieti bV the roots Of the 723, 1933.

equ1ati1n J,,,' (X11) 0 8. ~ Stilper, J1.: Contribution to the Problem of Airfoils Spamninig a

Xq/ta root oftee1''tolJ.(, ree Jet. N ACA 'I'M No. 796, 1936.
.. Claitert, 11.: Lift and D~rag of a Wing Spaimuing a Fiee Jel. It.

I24tf nItuierical coefficients (seve I nion., (25 3j l (13)) & Al. 'No. I 603, Britishi A. 11. C., 1934.
A, 0,]) vail.ibli's tof stiillat IiOul 10. Squtore, 11. B.: L.ift aool Drag of a Rectangular Wing Spanimng a
/,?v vt ithabes of in I ('gittittli Free ('irculmr Jet. Phil. Mag., ser. 7, vol. XXVII, Febl. 1939,

K allternate variable dlefinetd as t'illit lto x pp. 229-239.

SitperscriptIs 11. Adaiosoin, J1. E. : Ani Experimnttal Inve~stigation of Wiiid-Tuinol

Nvilll ertinig to1111(1proertes, elltesvniiesInterference iil the It. A. IC1. 5 ft. Open let (Circular Tiuhiel.
(') henpt't aiiugto luidpitlteI ic, dnti es alusl?. & M. No. 1897, British A. R. C., 1941.

ill t ie, tundisturbet[ strelail ill thle Itilittel; when 12. v-onl IKrindii, Tb., and Burgers, J1. M. : General Aerodx vnainic

)erta tifl( In.to aitloil chiaraterist its, felltI vaue Theory Perfect FluidIs. Airfoils and( Airfoil SYstenos oif Finite

illt tinnilel, coefficienlts 1)eiltg t-efertle d to dyviia ic San Vol. 11, dliv. EC., sec. 42 44, clh. IN o (f AerodYnaitie
IC Tleorv, WV. F. Duiraind, (A., Jui>Spriinger (Berlin), 1935.

priessurec q'; denotes first, tderivat ive of Bessel 13. Watsoii G. N. T1heory of Bessel Ftinctions. Caimbridge Unliv.
fttrict ion with resp~ect to its argum1lent, Press, 1922.

(') denotes second ilerivative oi' Bessel futit ion withi H. Adains, Edwin P.: Smnithsonian Matlintatical F'ormiulae aind
IsT~'ables of Elliptic Fuinctions. The Simithsoinian Instituttioni,

it ltii~iifirst reprint, 1939.

I5. Wat soi, G. N,: Theo I se of Series of Blessel Funli on> in P roblems
REFERENCES Connected with Cv liiidrical Wind-Tunnels. Proc. Royal Soc.,

1. Lck, . N.H.:'I'l(, Iterfrene ofa Wid Tuneloil1 S\ ll-Lodo, ser. A. v ol. 130, no. 812, D~ec. 2, 1930, pp. 29-37.

mercal C. N . It. h Mitefr. c of. a25 Briodl Tune o. a. 199 Il. Pinkerton, Robert M.: C alculated and Measured Prestire Dis.
nealItov. t. NI.No.127, lnt sh A 13 ( . 129.tribittiolls over the Midspant Section of the NA('A 4412 Airfoil.

2. Clnuiert, If.: Wind-Tl'niel Interference oil WXings, Bodies andl NA('A Itep. No. 563, 1936.
Airsceiws. It. & M. No. 1566, rinti Rh A. It. C., 193:3. 17. Pioikerton, Rob1ert M. : The Variation with Iic Itenold> Number of

:3. Goildstini, S.: Stiead ' 'l'wo-IDiiiensiiinal Flow p~ast a Solid ('vliii- Pre-sure D~istributtion over anl Airfoil Sectiotn. NA('A Rep. No.
ihor ill a Non-Utliform Streatm aind Tlwo-1)iiiumionlal W iil- 613, 1938.
'ITunnel lilterferencee. It. & M. -No. 14902, 11tishi A. 13. C., 1942. 1S. '[ai, Htirm, nd Taiioa, Masuo: Two Notes onl thle Botundary Inl-

4. C&i.dstiin, S., and Young, A. 1).: TI'hu Liinear Putrt ubat ion Tiol Iiince of \V ind Tunniiiels of Circular (ross Sect ion. Rep. Ni).
of C'ompreussill Io\, wit IIA~ia >tiX i-lunlbtr- 121 (v ol. 10,. no. 3), Airo. l hs isI., 'lokv o Imperial t'tiiv., Jutie

firnce. It. & NI. No. 1009, Bit ishi A. B1. C., 19413. 1935.

T.\I.E I.- V.\ lIES OF FOR II VARHIOU1S BA.SE PROtILIES

Sec[ o I NA((A w-ia. ,.

I 111,

OX XI OXX i> OX X H) ((XX 27 ()(XX :15 IXX 4 r) OXX (1 0)XX (64- XX 615 (xX 66,1OXX 1;7-OXX

2 t-,. F)I A .I-: .110 .> 10r 5 .17 .157 (1 1.5' .163 (74 .17S
If I 2 ;(21 217 4 125:1 . 263 .271 .25 .217 . 214 .201 .215 .221 .236 .2431

.034 23 : ) 42 31; 141 152F :131( .21 . 27 .2.57 1 .276 .28:3 .3011 .:ol
2. 3 1,6 4 25 4 04 .424 .4391 40' 3 .48' .341 .31,) 33S11 .34S, A681 .371)

.2 1 0i 404 4 , .512 4M, 51711 .5291 .4891 .417 415 .21 4102 .414 .42(1 .411
25 .()1 61.- (9211 62 7596 63 at ,(54 C0.12 .5 .2 32: .41 .487 501 .526 .5431

I 3; 4 9 111 4 76711



22 REPORT NO. 849--NATIONAL ADVISORY COMMITTEE FOR AERONAU7TICS

TABLE I. COMPRESSIBILITY FACTORS FOR CORRECTION EQTATIONS
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Positive directions of axes and angles (forces and moments) are shown by arrows

Axis Moment about axis Angle Velocities

- Force __ - _____ _____-__

(parallel Linear

Designation Sym-ytooax De)ignation Sm Poive Dsga y- (compo- Angular
bo syblDi bol direction tion bol nent along

axis)

Longitudinal-------- X X Rolling-----L Y-*--Z Roll u P
Lateral------------- Y Y Pitching --- M Z-4--X Pth---0 V q
Norinal ------------ Z Z Yawing-----N IX----Y Yaw W r

Absolute coefficients of moment Angle of set of control surface (relative to neutral

01 L C. Al G N position), 6. (Indicate surface by proper subscript.)
-qbS -qCS 'qbS

(rollig) (pitching) (Yawing)

4. PROPELLER SYMBOLS

D Diameter P Power, absolute coefficient p P

p Geomectric pitch W~~nD5
plD Pitch ratio C, Speed-power coefficient- PV
V' Inflow veloeity
V, Slipstream velocityT 7 Efcey

T Thrust, absolute coefficient C=- n Revolutions per second, rps

Q Torquie, absolute coefficient C Q EfetQ hei anl~a r 2rn)

5. NUMERICAL RELATIONS

1 hp=76.04 kg-m/= 5.5O ft-lb/sec 1 lb=0.4536 kg
1 metric horsepow-er= 0.9863 hp 1 kg==2.2046 lb
1 mph=0.4470 mps 1 mi=1,609.35 m=5,280 ft
I mps=2.2369 mph 1 m=3.2808 ft
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